were cultured in a new nanofiber material designed for ES cell culture, which is based on the self-assembly of a triblock copolymer, poly
Introduction
Stem cell research has grown from unexplored to becoming an important field in biomedical sciences today.
ES cells have theoretically two unique abilities, an unlimited self-renewal capacity and multi-lineage differentiation potential (pluripotency; Evans and Kaufman 1981) . Indeed, a deeper understanding of the basic biology of stem cells holds the key to unlock new hopes to various so far incurable human diseases (Silva et al., 2012) .
Even though the first mES cell lines were derived three decades ago (Evans and Kaufman 1981) and standard protocols for ES cell derivation and maintenance are widely used today, the technical difficulties of these protocols still pose a challenge for many investigators attempting to produce pluripotent mES cells with high quality levels. The gold standard supportive material for in vitro mES cell culture is MEFsi, which allows mES cells to continue proliferating without differentiating (E. Michalska, 2007) . Besides the immunity problems and batch-to-batch variation, the use of MEFsi as a support hence they need to be isolated freshly from time to time and one week is required to reach the correct confluency to perform ES cell culture (E. Michalska, 2007) . Concerning that, many efforts are being made to avoid the use of MEFs without losing ES cell pluripotency through replacing the supportive MEFsi by synthetic systems. The major challenge is to find a cheap, defined, user-friendly and feeder-free condition that mimics the embryonic stem cell niche properly, in order to obtain high quality undifferentiated mES cells. Many efforts have been made to closely mimic the real microenvironment of cells. So far, a wide range of approaches have been explored, including the use of the new 2i defined medium (Ying et al., 2008) , coating with proteins (Heng et al., 2012) and peptides (Klim et al., 2010) , carbon nanotubes (Lizundia et al., 2012) , hydrogels (Geckil et al., 2010) , a diversity of natural and synthetic scaffolds from different sources (Li et al., 2010) and nanofibers (nf; Nur-E- Kamal et al., 2006) . Nanofibers have exciting geometry properties that have drawn much attention recently, 
Materials and Methods

Nanofiber synthesis and characterization
Materials and instruments
All reagents and solvents for synthesis were reagent grade and were used without further purification, unless stated otherwise.
Methacrylic acid (MAA) (Fluka) was distilled at low pressure in a Büchi
Glass Oven B-585 micro distiller before use. Azobisisobutyronitrile (AIBN) (Fluka) was recrystallized from methanol and dried under F o r P e e r R e v i e w 7 vacuum at room temperature. GRGDS (Sigma) was dissolved in miliQ water to a concentration of 5 mg/mL. Polymer isolation and identification was performed as described in reference (Mouffouk et al., 2011) .
Polymer synthesis
PEG-PTMSMA-PMAA was obtained from the diblock copolymer
which synthesis is described elsewhere (Mouffouk et al., 2011) .
To 1.83 g of PEG-PTMSMA dissolved in 5 mL of THF, 1.8 mL (106 eq) of methacrylic acid and 0.033 g of AIBN were added. After three freeze-pump-thaw cycles, the mixture was incubated in an oil bath at 60 ºC, under stirring, for 24 h. The flask was then cooled down to room temperature and 20 mL of THF added to dilute the mixture, which had become very viscous, and its content precipitated by pouring into diethyl ether. The polymer was separated from the supernatant by centrifugation at 15 344 × g for 10 min followed by decantation. This procedure was repeated once more, affording a white solid that was vacuum dried, at 40 ºC overnight, yielding 3.5 g (96% 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
Polymeric fiber formation and bioconjugation with the peptides
Twenty mg of the polymer were added to 1 mL of miliQ water containing Pen/Strep (100 U/ml) and sonicated for 30 min. The solution becomes opaque white as the polymer dissolves and selfassembles into nanostructures that were confirmed by Cryo-TEM.
Then, 15 µL of GRGDS were added to the previous solution (corresponding to a 1:10 peptide/polymer molar ratio), and the resulting solution sonicated for an additional 5 min.
Cryo-Transmission Electron Microscopy (TEM)
The structure of the self-assembled nanofibers was observed on a Fei Titan Krios™ Cryo-Transmission Electron Microscope (TEM). Cryo-TEM is a technique used to visualize specimens that are suspended in an aqueous medium. Nanofibers were suspended in a fluid staining 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 supplemented with 10% (v/v) of ES screened and defined FBS (HyClone), 2 mM L-glutamine (Gibco), 1 mM sodium pyruvate (Gibco), 50 µM β-mercaptoethanol (Gibco), 100 U/ml Penicillin and 100 µg/ml Streptomycin (Gibco), 0.1mM non-essential aminoacids (Gibco) and 1000 U/ml of leukemia inhibitory factor (LIF) (ESGRO®, Millipore). mES cells were subcultured every 2 to 3 days through incubation of 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 To assess the potential of polymeric nanofibers to support ES cells growing in an undifferentiated state, the polymeric nanofibers solutions were placed into 6-well culture plate to cover the entire growth area, which will allow the nanofibers to form a mesh and adsorb to TCPS surface. Upon a 12 h incubation at 4ºC, the wells were sterilized for 30 minutes in UV light. mES cells resuspended in maintenance medium were seeded directly onto nanofibers covered wells and half of the medium was changed every day.
Proliferation and viability assays
The competence of the nanofibers to support mES cells in an undifferentiated state was evaluated by assessing the cellular morphology, growth and viability. E14GFP8 undifferentiated mES cells (22 000 cells/well) were seeded on 100, 50 and 10 µg/ml of PEG-PTMSMA-PMAA-GRGDS nanofibers, on MEFsi and 0.1% of gelatin and in standard TCPS 6-well plate for 3, 5 and 15 days. Cells were counted by flow cytometry and the viability was determined using propidium iodide. For flow cytometry, the maintenance medium was removed, cells were washed and trypsinized. One portion of the cells solution 
Alkaline Phosphatase assay
The pluripotency of mES cells was also assessed by an Alkaline Determination of the differentiation potential was assayed by the quantification of the expression of gene markers from the three germ layers in embryoid bodies (EBs) collected at day 10 of differentiation.
Differentiation potential in vitro
To do so, undifferentiated mES cells were seeded and passaged every 3 days at the same cell density for 10 passages. The EBs were then plated on 0.1% gelatin coated 6-well plates at day 6 and cultured up to day 10 of differentiation. were excluded) and standard error of the mean.
Reverse Transcription and Real Time quantitative PCR
Statistical analysis
Unless otherwise specified, results are expressed as mean ± standard deviation (SD). Data were statistically analyzed using Oneway analysis of variance test (ANOVA) to test for significant differences between the experimental conditions and t-student for pairwise comparison, using Sigma Stat software. Differences were considered significant for p<0.05.
Results
Synthesis and characterization of nanofibers
The mechanism of PEG-PTMSMA-PMAA-GRGDS nanofiber formation involves three phases: the first phase represents the selfassembly of the amphiphilic copolymer into vesicles, followed by a second one in which polymeric vesicles get converted into nanofibers via a stacking process, and lastly, GRGDS is incorporated in the nanofibers surface by electrostatic interaction (Fig. 1 A. ). Self-assembly of the polymer into nanofibers was achieved by means of its solubilization in an aqueous medium through sonication.
The synthetic nanofibers were observed by Cryo-TEM and presented 1-2 µm long and approximately 30 nm diameter (Fig. 1 B. ). 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
Cell adhesion
Analysis of the expression of β1-Integrin revealed that culture of undifferentiated mES cells in 10 and 100 µg/ml of nanofibers for 13 days results in a significantly higher expression of β1-Integrin (1.55 and 1.32 fold, respectively) when compared to gelatin and MEFsi (1 and 1.10, respectively) ( Fig. 2 A. ). Furthermore, mES cells cultured in 100 µg/ml of nanofibers presented significantly higher expression levels of Collagen type I alpha 1 (Col1α1; 0.12 fold) than standard polystyrene culture plates and gelatin, 0.08 and 0.09 fold respectively (Fig. 2 B. ). Furthermore, previous experiments already revealed the importance of GRGDS bioconjugation with PEG-PTMSMA-PMAA nanofibers in mES cells adhesion and growth (Fig. S1.) . These data suggest that nanofibers bioconjugated with GRGDS are able to improve cell adhesion by inducing the expression of adhesion molecules that will allow the reorganization of the microenvironment and incorporation in a fiber-based matrix. Conversely, mES cultured in gelatin and in TCPS plates lost the capacity of colony-formation, presented an irregular shape and acquired undefined borders, a typical characteristic of loss of pluripotency ( Fig. 3 A: E; E'; F; F').
Cell Proliferation
After 3 days in culture, the cell growth in 100 and 50 µg/ml of nanofibers was 16.04 and 15.27 fold respectively, which was significantly higher than the 10.62 fold observed in TCPS plates. In addition, no significant difference was observed in proliferation between 100, 50, 10 µg/ml of nanofibers, gelatin and MEFsi, at day 3 (Fig. 3 B) . On the other hand, mES cell proliferation in nanofibers for 5 days was higher than not only the cultures in TCPS but also than cultures in gelatin. Concurrently, 50 µg/ml of nanofibers promoted a 27-fold increase in cell number, which is significantly higher than that observed in gelatin (17.63-fold) or TCPS (14.53-fold) (Fig. 3 B) . Therefore, the results obtained for the proliferation of mES cells in PEG-PTMSMA-PMAA-GRGDS nanofibers in a short-time culture were similar or, in some cases, even better than gelatin. This suggests that the nanofibers may be used to replace gelatin in supporting mES cell growth.
The viability ratio of mES cells was approximately 1 for all the tested conditions indicating that viability maintenance was independent from the culture conditions and the time of culture (Figure 3 C) .
Maintenance of Pluripotency
The pluripotent status of stem cells was detected by Alkaline
Phosphatase test performed in mES cells cultured in 100, 50 and 10 µg/ml of PEG-PTMSMA-PMAA-GRGDS nanofibers and in control conditions. Undifferentiated pluripotent stem cells presented elevated levels of alkaline phosphatase, therefore alkaline phosphatase (Tsuji et al, 2008) . mES cells were passaged every 3 days at the same density and alkaline phosphatase test was performed at the first passage (day 3) and at passage 5 (day 15). Alkaline phosphatase staining revealed that, contrarely to ES cells cultured in gelatin (Fig. 4 B: E; E') or TCPS ( Quantitative RT-PCR for stem cell markers was performed using total RNA isolated from mES cells at passage 4. After 13 days, mES cells cultured in 10 and 100 µg/ml of nanofibers presented Oct4 expression levels of 1.37 and 1.24 fold, which were significantly higher than mES cells cultured in MEFsi (1 fold), gelatin (1.09 fold) or TCPS (0.99 fold) (Fig. 4 A. ). Being Oct4 one of the major regulators of ES cell stemness (Shi and Jin 2010), these results suggest that the (Fig. 4 A.) . Moreover, the expression levels of Sox2 in mES cells cultured in 10 µg/ml of nanofibers (0.72 fold) were higher than mES cells cultured in gelatin (0.65 fold) or TCPS (0.59 fold) (Fig.   4 A. ). Taken together, these data suggest that mES cells cultures in the nanofibers remain self-renewable.
Tri-lineage differentiation
Determination of long-term effects of nanofibers is important to screen nanomaterials for their potential benefits or pathogenic
properties. Therefore, we tested whether the nanofibers could support mES differentiation potential over multiple passages.
mES cells were subcultured in nanofibers and in standard conditions for 10 passages, then induced to form EBs by hanging drops method, and differentiated for 10 days. At day 10 of differentiation, some fibroblast-like cells had migrated out to form a halo around the EBs, cultures become dense, confluent and multilayered (Fig. 5 A. ).
Different structures with diverse type of organization and arrangement had formed (e.g. beating foci) suggesting that cells cultured for a long (Fig. 5 B) . According to our qRT-PCR data, mES cells cultured in 50 and 10 µg/ml nanofibers for 30 days were able to give rise to the three germ layers more efficiently than the MEFsi and gelatin (Fig. 5 B. ).
Discussion
The PEG-PTMSMA-PMAA-GRGDS nanofibers were designed taking advantage of the ideal and diverse properties of each block.
PEG is a flexible, water-soluble well-established biodegradable polymer with many applications from industrial manufacturing to medicine (Duncan, 2003 2002 ). RGD is a well-known cell attachment peptide (Bellis, 2011) .
Taking this into account, our nanofibers have many features that may promote stem cell adhesion and control of cell proliferation. In addition to these potential benefits, they represent a good substitute for the existing systems, due to the advantages of being cheap and easy to produce, presenting chemical and physical properties tailored via molecular synthesis.
We successfully synthetized PEG-PTMSMA-PMAA by RAFT polymerization and the polymer self-assembly into nanofibers also succeeded ( Fig. 1) . In the self-assembly process, it is expected that the neutral hydrophilic segment of the copolymer (PEG) gets majorly oriented to the core of the particles, and the negatively charged one (PMAA) to their surface, in order to minimize charge repulsion.
Attachment of GRGDS to the fibers surface would occur by interaction between the positively charged terminal amino group of the former and the negatively charged carboxylate groups of the latter, leaving the guanidium group of the arginine residue available for cell adhesion (Fig. 1 A) . After polymerization, nanofiber assembly and This newly 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The first approach to evaluate the capacity of the nanofibers to sustain ES cells culture was to test if the nanofibers were able to support mES cells growth for 3 and 5 days. According to cell adhesion and proliferation results, the cell proliferation in 100 µg/ml nanofibers for a short term culture revealed to be higher or similar than in gelatin and in TCPS (Fig. 3 B) . Besides the similarity of proliferation results between gelatin and in nanofibers, mES cells cultured in gelatin revealed to be less pluripotent than in nanofibers which could be explained by a selective process in which nanofibers potentiate the growth of pluripotent cells. Indeed, according to our morphological analyses of the ES cells cultures at different time points of culture, the ability of nanofibers to support growth of undifferentiated mES cells seemed to be better than gelatin as, in the latter, mES cells were rearranged in irregular colonies resembling a spontaneous 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 which there seem to be much more differentiated cells (Fig. 4 B. ). In addition, mES cells long-term cultured in 10 µg/ml of nanofibers exhibited Nanog and Oct4 expression levels similar or higher than mES 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The in vitro differentiation assay showed that mES cells cultured in 50 and 10 µg/ml of nanofibers for 10 passages were able to preserve their tri-lineage differentiation capacity, which validates the authenticity of mES cells cultured in nanofibers (Fig. 5 B. ).
Interestingly, the higher levels of pluripotency markers and differentiation were observed in ES cell cultures in 10 and 100 µg/ml of nanofibers as well as the higher levels of β1-Integrin and Col1α1 expression suggesting that nanotopography may play a role in regulation cell attachment, spreading, proliferation and, most The major advantage of this system is that mES cells cultured on PEG-PTMSMA-PMAA-GRGDS nanofibers maintain their pluripotent state and present increased expression of Col1α1 and β1-Integrin, which may help establishing a microenvironment that supports ES cell attachment, proliferation, and pluripotency.
Conclusion
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